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SUMMARY 


Six small (2-1nch tip diameter) low specific speed centrifugal pump configura- 
tions were designed, fabricated, and tested pumping water. The configurations 
Included shrouded, and 25 and 100% admission open face Impellers, 25 to 100% 
emission vaned diffusers, and volutes with conical diffusers. Tip widths varied 
from 0.030 Inch to 0.052 Inch. Design specific speeds were 430 and 215. 

Head, flow, efficiency, and cavitation tests were conducted In water at speeds up 
to 29,000 rpm. 

Test efficiencies for the shrouded 430 specific speed configurations were 28 to 
33%. The 215 specific speed configurations obtained efficiencies of only 5 to 10%. 

Suction performance was largely better than predicted at 8000 to 11,000, while 
axial and radial loads were less than predicted. 

Best performance was obtained by 430 specific speed configuration 2 with a 
shrouded Impeller discharging Into a volute with a conical diffuser. 

There appeared to be no difference In the ability to cast the two different tip 
widths and the smallest (0.030 Inch) does not appear to be a limit. 




INTRODUCTION 


Pump-fed, low-thrust chemical propulsion systems are being considered for trans- 
ferring acceleration-limited structures from low earth orbit to geosynchronous or 
other high earth orbits. Engine systems for these applications will require 
small, relatively low flowrate, high head rise pumps that fall outside the design 
range of existing rocket engine turbopumps. In order to establish a technology 
base for future design of these systems, a program was Initiated to experimen- 
tally evaluate low specific speed centrifugal pump stages and Inlet-type stages 
over the flowrate range of Interest. Funding for the program Is being provided 
under NASA-lewls Research Center contract NAS3-23164 and related effort Is being 
provided by Rocketdyne Internal sources. 

Contract scope consists of design fabrication and test of six single-stage cen- 
trifugal pump test articles, and a conventional Inducer. The tester and drive 
turbine were fabricated and tested as part of a prior company-funded effort. The 
shear force pump Will be tested following completion of the contract effort. The 
test program was structured to first determine performance of each of the six 
centrifugal stages with water as the test fluid. Two of the stages will then be 
tested In liquid hydrogen to determine performance change due to differences In 
fluid properties such as viscosity and compressibility. The Inducer and shear 
force stage will be tested In liquid hydrogen to determine relative suction per- 
formance capability. 

The water test program has been completed. This Interim report discusses the 
design and fabrication of the centrifugal stages and presents the water test per- 
formance results. 
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PUMP CONFIGURATIONS 


DESIGN 

A design summary of the six centrifugal pump configurations Is given In Table 1. 
Details of the pump geometries are given In Tables 2 and 3. Configurations 1, 2, 
4, and 6 were designed for a specific speed of 430 (rpm * gpm°- 5 /FT°* ' 5 ) . 
Configurations 3 and 5 were designed for a specific speed of 215. All of the 
pumps Incorporated Impellers with 2-1nch tip diameters. Discharge tip widths 
ranged from 0.030 to 0.052 Inch. 

Design details for Configuration 1 are given In Table 2. Pump hardware Is shown 
In Fig. 1. This pump Incorporates a 100% admission shrouded Impeller discharging 
Into a 100% emission vaned diffuser that discharges Into a volute. The Impeller 
Is fully shrouded with backwardly curved blades, The vaned diffuser Is the vane 
Island type with eight straight mean line diffusing passages machined Into the 
Inlet housing rear face. The volute Is designed with proportionately larger 
cross-section area than for a large pump to reduce friction loss. The area dis- 
tribution Is designed to minimize radial load through equalizing static pressure 
circumferentially. The use of a vaned diffuser produces a nearly constant radial 
load over a wide flowrange since the diffuser produces a volute velocity matching 
the flowrate down to the diffuser stall flowrate. 

Configuration 2 (Table 2 and Fig. 2) utilizes the same Impeller as Configuration 
1 but discharges Its flow directly into a volute. Diffusion Is accomplished by a 
volute exit conical diffuser. 

Configuration 3 (Table 3 and Fig, 3) utilizes the same Impeller as Configurations 
1 and 2. The impeller discharges through a 25% emission diffuser that has the 
same diffuser passage geometry as Configuration 1. The diffuser differs In that 
only two opposite passages were machined as compared to eight for Configuration 
1. The intent Is to reduce the design flowrate to one-fourth and the specific 
speed to one-half of that for 100% emission diffuser. 

Configuration 4 (Table 2 and Fig. 4) Incorporates a 0,035-Inch tip width open 
face Impeller with 100% admission that discharges directly Into a volute. The 
diffusion Is accomplished by a conical diffuser at the volute exit. The Impeller 
tip width was Increased above that for the shrouded Impeller to compensate for 
the open face tip clearance leakage flow. 

Configuration 5 (Table 3 and Fig. 5) Incorporates a 25% admission open face 
Impeller that discharges directly Into a volute-shaped passage to minimize hydro- 
dynamic radial loads. The Impeller passage geometry Is the same as for Configur- 
ation 4. The Impeller geometry differs In that only two opposite passages are 
machined as compared with eight for Configuration 4. This modification was 
Intended to reduce the design flowrate to one-fourth and the specific speed to 
one-half of that for a 100% admission Impeller (Fig. 5, Table 3). 
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TABLE 2. PUMP DESIGN GEOMETRY SPECIFIC SPEED = 430 


CONFIGURATION NO. 

1 

2 

4 

6 

IMPELLER 





TYPE 

SHROUDED 

SHROUDED 

OPEN FACE 

SHROUDED 

DISCHARGE DIAMETER, INCHES 

2.0 

2.0 

2.0 

2.0 

INLET EYE DIAMETER, INCHES 

0.75 

0.75 

0.80 

0.81 

INLET HUB DIAMETER, INCHES 

0.50 

0.50 

0.50 

0.50 

DISCHARGE TIP WIDTH, INCHES 

0.030 

0.030 

0.035 

0.052 

NUMBER OF BLADES 

7 

7 

8 

7 

DISCHARGE BLADE ANGLE, DEGREES 

33 

33 

20 

33 

WEAR RING DIAMETER, INCHES 

O 

o 

o 

o 

1 .00 

1 .00 

FRONT WEAR RING RADIAL 
CLEARANCE, INCHES (MAXIMUM DESIGN) 

0.002 

0.002 


0.002 

IMPELLER FACE CLEARANCE, INCHES 

— 


0.004 

— 

REAR WEAR RING RADIAL 
CLEARANCE, INCHES (MAXIMUM DESIGN) 

0.002 

0.002 

0.002 

0.002 

INLET EYE BLADE ANGLE, DEGREES 

21.9 

21 .9 

21.25 

20 

INLET FLOW COEFFICIENT 
(10% BLOCKAGE) 

. 

0.134 

0.134 

0.107 

0.174 

PERCENT ADMISSION 

100 

100 

100 

100 

DISCHARGE FLOW COEFFICIENT 

0.074 

0.074 

0.080 

0.085 

DIFFUSER 





INLET DIAMETER, INCHES 

2.1 

— 

— 

2.1 

DISCHARGE DIAMETER, INCHES 

2.7 

~~ 

— 

2.7 

PASSAGE WIDTH, INCHES 

0.030 

— 

— 

0.052 

NUMBER OF PASSAGES 

8 

— 

-- 

4 

INLET ANGLE, DEGREES 

6 

— 

— 

6 

AREA RATIO, OUT/IN 

1 .84 

— 

— 

1.84 

PERCENT EMISSION 

100 

-- 

— 

50 

VOLUTE 





MAXIMUM AREA AT 360 DEGREES, IN. 2 

0.0468 

0.0267 

0.035 

0.0468 

CONTINUITY AREA/ACTUAL AREA 

0.60 

0.60 

0.83 

0.60 

CONICAL DIFFUSER EXIT AREA, IN. 2 

0.096 

0.096 

0.096 

0.096 
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TABLE 3. PUMP DESIGN GEOMETRY SPECIFIC SPEED = 215 


CONFIGURATION NO. 

3 

5 

IMPELLER 



TYPE 

SHROUDED 

OPEN FACE 

DISCHARGE DIAMETER, INCHES 

2.0 

2.0 

INLET EYE DIAMETER, INCHES 

0.75 

0.8 

INLET HUB DIAMETER, INCHES 

0.5 

0.5 

DISCHARGE TIP WIDTH, INCHES 

0.030 

0.035 

NUMBER OF BLADES 

7 

2 

DISCHARGE BLADE ANGLE, DEGREES 

33 

20 

IMPELLER FACE CLEARANCE, INCHES 

— 

0.004 

WEAR RING DIAMETER, INCHES 

o 

o 

1 .00 

FRONT WEAR RING RADIAL 
CLEARANCE, INCHES (MAXIMUM DESIGN) 

0.002 

— — 

REAR WEAR RING RADIAL 
CLEARANCE, INCHES (MAXIMUM DESIGN) 

0.002 

0.002 

INLET EYE BLADE ANGLE, DEGREES 

21 .9 

21.25 

INLET FLOW COEFFICIENT 
(10% BLOCKAGE) 

0.134 

0.107 

PERCENT ADMISSION 

100 

25 

DISCHARGE FLOW COEFFICIENT 

0.074 

0.08 

DIFFUSER 



INLET DIAMETER, INCHES 

2.1 

— 

DISCHARGE DIAMETER, INCHES 

2.7 

— 

PASSAGE WIDTH, INCHES 

0.030 


NUMBER OF PASSAGES 

2 

— 

INLET ANGLE, DEGREES 

6 

— 

AREA RATIO, OUT/IN 

1 .84 

— 

PERCENT EMISSION 

25 

* 

VOLUTE 



MAXIMUM AREA AT 360 DEGREES, IN. 2 

0.0146 

0.011 

CONTINUITY AREA/ACTUAL AREA 

0.50 

0.833 

CONICAL DIFFUSER EXIT AREA, IN. 2 

0.096 

0.026 





Figure 1. Shrouded Impeller Vaned Diffuser Pump 










CONFIGURATION &2 
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Figure 2 . Shrouded Impeller Volute Pump 
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Figure 3. Shrouded Impeller 25% Emission Diffuser Pump 
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Figure 4. Open Face Impeller Volute Pump 
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Figure 5. Open Face 25% Admission Impeller Volute Pump 
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Configuration 6 (Table 2 and Fig. 6) Incorporates a 100% admission shrouded 
Impeller with the same blade shape as for Configurations 1, 2, and 3 with the 
exception that the Impeller passage height Is Increased from Inlet to exit to 
give a discharge tip width of 0.052 Inch. The Impeller discharges Into a 50% 
emission vaned diffuser with Increased passage height but otherwise the same 
passage shape as for Configurations 1 and 3. This configuration Is Intended to 
operate at the same design point flow and specific speed as for Configuration 1. 
The larger flow passages were used to simplify fabrication. 

FABRICATION 

Machined Parts 


A very real problem with small diameter low specific speed pumps as Investigated 
In this program. Is the successful fabrication of very small flow passages and 
tip width. The process selected for manufacture of the open flow passages of the 
vaned diffusers, volutes, and open face Impellers was machining. This method 
produced a smooth and repeatable surface finish required for low pressure and 
friction losses with minimum variation and risk. Shrouded Impellers were cast 
due to the difficulty associated with machining the very small enclosed passages. 

The machined open face Impellers had the advantage of superior surface finish 
control but suffered an efficiency penalty due to Impeller to housing clearance. 
The cast shrouded Impellers had front wear rings with more easily controlled 
radial clearance. 

Impeller Casting 

A casting development effort was conducted to determine the optimum casting 
procedures for the Inconel 718 shrouded Impellers, 

The ceramic core design consisted of Individual ceramic cores of the Impeller 
passages assembled on a fixture to form a one piece core assembly. Because the 
core assembly was fragile due to the very small Impeller passage dimensions, the 
Impeller body wax pattern was not Injected around the core In one piece. Upper 
and lower wax Impeller halves were Injection molded separately and booked to the 
core assembly. In order to meet the close dimensional requirements for the 
Impeller blades and flow passages and the tight ceramlc-to-wax fltup desired for 
the booking process, trial core assemblies were dimensionally Inspected before 
being booked to the Impeller patterns. A single Iteration to fine tune the core 
assembly techniques and minor rework of the wax pattern dies resulted In the 
desired results for subsequent casting of Impellers. 

Inconel 718 was selected for casting the Impellers because of Its excellent 
strength, and corrosion resistance and Its good castablllty. Inconel 718 does 
present a known potential problem of metal reaction with a ceramic core during 
the casting process. The alloy strength properties are not reduced but an 
unacceptable rough casting surface can result. Since the very small Impeller 
flow passages are not readily accessible for surface finish Improvement effort 
was made to produce the smooth as cast surface required for high Impeller 
performance. 
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Figure 6. Shrouded Impeller 50% Emission Diffuser Pump 




Experience In this program with Inconel 718 ceramic core reaction Indicated the 
severity of the reaction was a function of the time molten metal was In contact 
with the core material. An Iterative procedure was followed to arrive at the 
metal pour temperature and Investment shell temperature that would result In com- 
plete mold filling, sound metallurgical quality, and smooth surface finish. After 
each trial pour the Impeller was cut up to evaluate the flow passage surface fin- 
ish. The third test temperatures resulted In acceptable Impeller quality, there- 
fore, It was adopted for the test impeller castings. 

Photographs of a 0. 052-Inch tip width Impeller are shown In Fig. 7 and 8. There 
was no significant difference In the ability to cast the 0. 030-Inch tip width 
Impeller and the 0. 052-Inch tip width Impeller. Consequently, the tip width of 
future designs can be made as small as 0.030 inch with minimum casting problems, 
particularly If less reactive metal can be used. Even smaller tip widths may be 
feasible as 0.030 inch does not appear to be a limit. 

TEST PROGRAM 

Facility Description 

The water test program was conducted In Rocketdyne's Engineering Development Lab- 
oratory in a closed loop water test facility shown schematically In Fig. 9. The 
test facility was capable of conducting tests over a wide range of speed, flow, 
and Inlet pressure. Inlet pressure within the test loop can be lowered by drop- 
ping water tank pressure by means of a vacuum source or increased by pressurizing 
the tank with gaseous nitrogen. The test pumps are Installed In the pump tester 
and are driven by a calibrated axial flow turbine with gaseous nitrogen as the 
working fluid. A cross-sectional view of the pump tester Is shown in Fig. 10. 
The pump tester assembly and the Installation of the assembly In the test facil- 
ity are shown In Fig. 11, 12, and 13. 

Instrumentation 

Typical pump and tester Instrumentation Is shown In Fig. 14 and 15. Overall 
(flange to flange) head rise was determined by measuring the difference In pres- 
sure between a four-hole static pressure piezometer ring located 5 diameters 
upstream of the pump Inlet and a four-hole static pressure piezometer ring 
located 10 diameters downsteam of the pump discharge. The velocity heads calcu- 
lated from the pump flowrate and respective cross-sectional areas at the measure- 
ment stations were added to the Inlet and discharge static heads to obtain the 
total head rise. The pump flowrate was measured by means of a flowmeter located 
in the pump discharge line. Pump speed was measured by a tester-mounted eddy 
current proximity probe that sensed the rotation of two flats machined on the 
tester shaft. 

Instrumentation accuracies are listed In Table 4. All Instrumentation was cali- 
brated by standards traceable to the Bureau of Standards prior to testing of each 
pump configuration. Calibrations were checked pretest and posttest. 
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Figure 7. 2-Inch Diameter Impeller Casting (Inlet) 
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1XY52-7/8/83-C1B 

Figure 8. 2-Inch Diameter Impeller Casting (Discharge) 
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Figure 10. Pump/Tester Cross Section 
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Figure 11. Pump/Tester Assembly 
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Figure 12. Pump Test Facility 







Figure 13. Pump/Tester Installed in Test Facility 
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Figure 15. Tester and Turbine Instrumentation 


TABLE 4. INSTRUMENTATION ACCURACIES 


PUMP INLET PRESSURE 

+ 0.5 PSI 

PUMP INLET AND DISCHARGE TEMPERATURE 

± 0.2 DEGREE R 

PUMP DISCHARGE PRESSURE AND ALL OTHER 

+ 2.5 PSI 

INTERNAL PRESSURES SHOWN IN FIG. 14 


FLOWRATE 

± 0.5% 

SHAFT SPEED 

I 

i 0.5% 


Test Procedures 

The tests evaluated head rise versus flow at shaft speeds of 24,500, 19,600, 
14,700, and 9350 rpm for Configurations 1, 2, 4, and 6 and at shaft speeds of 
29,000, 23,520, and 11,760 rpm for Configurations 3 and 5. The flowrate was con- 
trolled by a valve located downstream of the flowmeter. Pump speed was controlled 
by varying the turbine inlet and discharge pressure to control the power input to 
the pump. Sufficient turbine measurements were made to permit calculation of the 
power input to the pump based on turbine calibration data obtained subsequent to 
the pump tests. 

Sufficient pressure measurements were made In the pump to permit calculation of 
the pump axial and radial loads and Internal performance at test operating 
conditions. 

Suction performance tests were conducted by operation at a constant pump rotating 
speed and flowrate with the pump Inlet pressure gradually lowered from a high to 
a low value. The higher test speeds produced consistent suction specific speed 
values and were, therefore, used to determine the pump suction performance. Suc- 
tion performance data were not obtained for Configuration 1 due to damage to the 
volute wear-ring during the head versus flow test. Since the same Impeller was 
used for Configuration 2 the suction performance capability of the impeller was 
evaluated by test of Configuration 2. 

The pump power was determined by computing the power generated by the drive tur- 
bine based on test measurements and turbine calibration data. The turbine was 
calibrated after the pump test program using a water dynamometer. The power 
available to the pump was determined by connecting the turbine mounted on the 
pump tester to the dynamometer. The turbine was driven by dry gaseous nitrogen 
during the calibration. The turbine measurements during the calibration were the 
same as those obtained during the pump tests to provide a direct relationship of 
calibration Information. 

The dynamometer replaced the pump as the power absorber. Therefore, the turbine 
calibration Includes the rotating assembly bearing and seal power losses up to 
the pump and the dynamometer absorbed horsepower was directly the pump Input 
horsepower. 
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TEST RESULTS 


HEAD AND EFFICIENCY PERFORMANCE VERSUS FLOW 

Table 5 summarizes the pump design point head and efficiency at the design point 
flowrates while Fig. 16 through 21 present the head, flow, efficiency data for 
each If the 6 configurations. Figure 22 presents a comparison of efficiency data 
from all 6 configurations. Slmllary, Fig. 23 presents a comparison of delivered 
head. The wear ring radial clearances and open face Impeller axial clearances 
are listed in Table 2 and 3. 

Pump Configurations 1, 2, 4, and 6 were designed to operate at a design point 
specific speed (N s ) of 430. The highest efficiency, 32.5%, and head rise, 750 
feet at 24,500 rpm, was achieved by Configuration 2, which utilized a shrouded 
Impeller with a 0. 030-Inch exit tip width discharging Into a volute with a coni- 
cal diffuser at the exit. The lowest efficiency, 23%, and head rise 445 feet, of 
the four configurations was produced by Configuration 4, which was similar to 
Configuration 2 except for the use of an open face Impeller rather than a 
shrouded Impeller. The second highest efficiency 31% and third highest head rise, 
725 feet, was achieved by Configuration 1, which used the same Impeller as Con- 
figuration 2 but discharging through a vaned diffuser followed by a volute and 
exit diffuser. The third highest efficiency, 28.5%, and second highest head rise, 
745 feet, was achieved by Configuration 6, which used a shrouded Impeller with a 
0. 052-Inch exit tip width discharging through a 50% emission vaned diffuser Into 
a volute. The head rise and efficiency results are Influenced by the wear ring 
clearances and the axial clearance of the open face Impeller. Test Configuration 
1 operated with wear ring clearances within the pretest design values while the 
other configurations were tested with clearances that were slightly larger than 
design (Tables 1, 2, and 3) to avoid rubbing. The efficiencies would have been 
higher If the pumps had been operated with the design clearances. This topic is 
discussed In more detail In a later section. Configuration 3 was designed to 
operate at a design point specific speed of 215. At the test speed of 29,000 rpm 
Configuration 3 achieved the higher efficiency of 9.6% and head of 1125 feet. 
This configuration Incorporated the same shrouded impeller as Configurations 1 
and 2 and discharged through a 25% emission diffuser and volute. Configuration 5 
Incorporated a 25% admission open face Impeller with the same passage configura- 
tion as Configuration 4. This Impeller discharged directly Into a volute. It 
obtained a head rise of 340 feet at 29,000 rpm at an efficiency of 5.1%. The low 
efficiency of Configurations 3 and 5 result from the very low flowrate, one- 
fourth that of Configurations 1, 2, 4, and 6, at the same speed. At one-fourth 
the delivered flow the hydraulic power output Is reduced to one-fourth. The 
input power, however, Is only slightly reduced resulting in the low efficiency. 
Configuration 5 has a lower efficiency than Configuration 3 because of the high 
loss in the Impeller to housing axial clearance space. 

Figures 24 through 29 compare the impeller static pressure rise with the overall 
pump static pressure rise. The difference In the two indicates the conversion of 
the impeller exit velocity pressure Into static pressure. Table 6 summarizes the 
design point diffusion system performance. Configuration 2 with a volute exit 
conical diffuser achieved the highest diffusing system performance. Configuration 
2, as well as the vaned Configurations 1 and 6, were not affected by changes In 
flowrate. However, the 25% emission vaned diffuser affected Configuration 3 out- 
put head as its ability to recover velocity head declined as the flowrate was 
Increased. 
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TABLE 5. DESIGN POINT PUMP PERFORMANCE SUMMARY 

WATER TEST 
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FLOW / DESIGN FLOW 

Figure 16. Low-Thrust Water Testing 
Configuration 1 

Test and Curve Speed - 24,500 rpm 
Specific Speed - 430 


PUMP TOTAL HEADRISE, FEET 



FLOW / DESIGN FLOW 

Figure 17. Low-Thrust Water Testing 
Configuration 2 

Test and Curve Speed - 24,500 rpm 
Specific Speed - 430 
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FLOW / DESIGN FLOW 

Figure 18. Low-Thrust Water Testing 
Configuration 3 

Test and Curve Speed - 29,000 rpm 
Specific Speed - 215 


PUMP TOTAL HEADRISE, FEET 
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Figure 19. Low-Thrust Water Testing 
Configuration 4 

Test and Curve Speed - 24,500 rpm 
Specific Speed - 430 


PUMP TOTAL HEADRISE, FEET 



FLOW / DESIGN FLOW 

Figure 20. Low-Thrust Water Testing 
Configuration 5 

Test and Curve Speed - 29,000 rpm 
Specific Speed - 215 
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PUMP TOTAL HEADRISE, FEET 



FLOW / DESIGN FLOW 

Figure 21. Low-Thrust Water Testing 
Configuration 6 

Test and Curve Speed - 24,500 rpm 
Specific Speed - 430 
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CONFIGURATIONS 1.2.16 



Figure 23. Low-Thrust Water Test Head 







1333 ’3SiyOV3H Dll VIS 01 DI1V1S 


37 


Figure 24. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 
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Figure 25. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 
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Figure 26. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 
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Figure 27. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 




SHAFT SPEED : 29000 RPM 
DESIGN FLOWRATE • L*f8 GPM 
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Figure 28. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 
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Figure 29. Pump and Impeller Static Headrlse 

Low-Thrust Water Testing, Configuration 




TABLE 6. DIFFUSION SYSTEM STATIC PRESSURE DISTRIBUTION 


CONFIGURATION 

IMPELLER STATIC 
HEADRISE, FEET 

h imp 

OVERALL 
PUMP STATIC 
HEADRISE, FEET 

H 0V 

DIFFUSER STATIC 
HEADRISE, FEET 

h d-p 

h d~p /h ov 

1 

620 

724 

104 

0.14 

2 

576 

752 

176 

0.23 

3* 

720 

805 

85 

0.11 

4 

354 

440 

86 

0.20 

5* 

• 192 

243 

51 

0.21 

6 

638 

744 

106 

0.14 

*TEST SPEED 29,000 RPM 
RESULTS SCALED TO 24,500 RPM 




H D-P = H 0V “ H 

IMP 





SUCTION PERFORMANCE 

Cavitation tests were run at constant pump speed and flowrate for pump Configura- 
tions 2, 3, 4, 5, and 6. Pump Configuration 1 was not run because It contains 
the same Impeller as Configuration 2 and, therefore, would have the same suction 
performance. All suction performance data are presented at 5% overall pump head 
loss. The design point predicted and test suction performance Is compared for 
the six configurations In Table 7. The predicted cavitation performance at the 
design point Is based on the procedure developed by Gongwer and presented by 
Wlsllcenus In Ref. 1. For the partial admission and emission pumps, the Impeller 
Inlet area was determined by multiplying the geometric area by emission or admis- 
sion ratio. The calculated leakage flowrate for each configuration was added to 
the through flowrate In computing the Impeller Inlet flow coefficient. As shown 
In Table 7, Configurations 4 and 5 (open face Impellers) exhibited higher suction 
specific speed capability than predicted. A probable explanation Is that the 
Influence of the backflow leakage Is lower than originally accounted for In the 
predicted values. The shrouded Impeller Configurations 3 and 6 (25 and 50% emis- 
sion, respectively) both performed better than predicted, Indicating that the 
partial emission Influence Is not as severe as predicted. 

Figure 30 presents the test Configuration 2 pump total headrlse versus NPSH for 
80, 100, and 120% of design flowrate at a test speed of 24,500 rpm. The test 
results show that the head rise Is constant over a wide NPSH range for each flow- 
rate. The suction specific speed versus flow ratio Is shown on Fig. 31. 


43 









2H500 RPM 



44 


Figure 30. Cavitation Test, Configuration 




SUCTION SPECIFIC SPEED ( 5 * HEAD LOSS) 


SHROUDED IMPELLER 
.030" TIP WIDTH 

100X VANELESS DIFFUSER EMISSION 



Figure 31. Suction Performance 
Configuration 2 



TABLE 7. SUMMARY OF CENTRIFUGAL STAGE DESIGN POINT SUCTION PERFORMANCE 


TEST 

CONFIGURATION 

TEST 

SPEED, 

RPM 

DESIGN 
FLOW AT 
TEST 
SPEED, 
GPM 

INLET NPSH 
AT 5% 
HEAD 
FALL0FF , 
FEET 

SUCTION 

SPECIFIC 

SPEED 

(TEST) 

SUCTION 

SPECIFIC 

SPEED 

(PREDICTED) 

N $s (TEST) 
N ss (PRED) 

1 

24,500 

5,0 

11 .6 

8,700 

9235 

0.94 

2 

24,500 

5.0 

11,6 

8,700 

9370 

0.93 

3 

27,440 

1 .4 

6.7 

7 ,800 

4345 

1 .80 

4 

24,500 

5.0 

8.8 

10,700 

7440 

1 .44 

5 

29,000 

1.48 

13.2 

5,100 

4370 

1 .17 

6 

24,500 

5.0 

10.8 

9,200 

7120 

1.29 


Figure 32 Indicates that the head rise versus NPSH Is constant for Configuration 
3 over a wide NPSH range at 80 and 100% of the design flowrate. At 120% of design 
flowrate the head rise begins to drop as NPSH Is decreased below approximately 
100 feet at 27,440 test rpm. The test results presented on Fig. 26 Indicate that 
the diffuser static pressure recovery continuously decreases as the flowrate Is 
Increased until at 120% of design flowrate the recovery Is zero. This along with 
the 120% head versus NPSH characteristic Indicates the vaned diffuser may be cav- 
Itatlng. This may be a function of the percent emission since the 50% emission 
Configuration 6 demonstrated a constant head rise over a wide flow range of 120% 
flow as well as a constant diffusing system static pressure rise over a wide flow 
range. Suction specific speed versus flowrate for Configuration 3 Is shown on 
Fig. 33. 

Configuration 4 cavitation performance shown In Fig. 34 as head versus NPSH for 
80, 100, and 120% of design flowrate Indicates a wide NPSH range at constant 
headrlse. The suction specific speed versus flow ratio at 5% head loss Is shown 
on Fig. 35. 

Configuration 5 head versus NPSH Is shown for flow ratios Q/Qq of 0.8, 1.0, and 
1.2 on Fig. 36. Suction specific speed versus flow ratio is shown In Fig. 37. 
This partial admission Impeller demonstrated the lowest suction specific speed of 
the six test configurations. 

Configuration 6 head versus NPSH is presented on Fig, 38 for the flow ratios 0.8, 
1.0, and 1.2, Constant head was generated over a wide NPSH range for the three 
flowrates. Suction specific speed versus flow ratio is plotted on Fig. 39. 

HYDRODYNAMIC SHAFT LOADING 

Each pump was Instrumented to measure pressures required to calculate axial and 
radial forces produced by the impeller. 
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Figure 32. Cavitation Test, Configuration 
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Figure 34. Cavitation Test, Configuration 






12000 4- 


oo 

tn 

O 


Q 

<C 

LU 

zn 


10000 + 


s« 

tn 


LU 

UJ 

CL. 

LO 


8000+ 


z: 

o 


6000 + 


o 

ID 

V) 


4000+ 


2000 - 


50 


i 


1.2 


FLOW/DESIGN FLOW 


jetton Performance 
anftguration 4 



29000 RPM 



Figure 36. Cavitation Test, Configuration 







SUCTION SPECIFIC SPEED (5% HEAD LOSS) 






8'0 -- CD 








SUCTION SPECIFIC SPEED (5% HEAD LOSS) 


- SHROUDED IMPELLER 

- .052" TIP WIDTH 

- 100% VANED DIFFUSER EMISSION 



Figure 39. Suction Performance 
Configuration 6 
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Radial Load. The radial loads are determined from the static pressure distribu- 
tion downstream of the Impeller. For the vaned diffuser pumps the static pres- 
sure taps are located In the diffuser passage Inlet. The number of diffuser 
passages and, therefore, the number of static pressure taps depends on the con- 
figuration. For volute pumps four taps are located equally spaced In the volute. 
From these pressures the static pressure at the Impeller tip Is determined by 
assuming a free vortex flow from the Impeller discharge diameter to the pressure 
tap location. 

Using the pressures at the Impeller tip and assuming the pressure distribution is 
linear between pressure taps, the Incremental forces may be calculated. The 
resultant force Is found by summing force components vectorlally. 

Radial loads over the test flow range are shown In Fig. 40. The two pumps show- 
ing the smallest radial loads are Configurations 1 and 6. Both of these configu- 
rations have vaned diffusers. The only other pump with a vaned diffuser. Config- 
uration 3, showed larger radial loads than 1 and 6. However, the radial loads 
for Configuration 3 were calculated using the two diffuser Inlet pressure taps 
and, therefore, are not as accurate as the other results. The test speed for 
Configurations 3 and 5 were 29,000 rpm, compared with 24,500 rpm for Configura- 
tions 1, 2, 4, and 6. Therefore, the Configuration 3 and 5 radial loads should 
be divided by 1.4 before comparison with the other configurations. The vaned 
diffuser configurations exhibit radial loads which do not depend strongly on 
flowrate. This Is In contrast to the volute pumps, which show higher radial 
loads with a large dependence on flowrate. These characteristics agree with 
those predicted for the vaned diffuser and volute pumps. Vaned diffuser pumps 
are more deslreable when wide flow range operation Is required. 

Axial Loads . The axial load Is determined from the static pressure distribution 
on the front and rear Impeller face and by the Impeller Inlet pressure. The 
front face has three static pressure taps located at the shroud hub, midpoint, 
and tip. The rear face has two static pressure taps located at the shroud hub 
and tip. 

The axial load versus flow/design flow Is plotted In Fig. 41 and 42 for the 
shrouded and open face Impellers, respectively. The shrouded Impellers show 
design point axial loads In the range of 2.6 to 42.5 pounds In a direction toward 
the turbine. The open face Impellers show design point values of 8.7 and 22.2 
pounds. However, the direction Is away from the turbine. All axial and radial 
loads are well within bearing load capability In the design flow region. With 
vaned diffusers load margin exists over a very wide flow range. 

ANALYSIS OF PUMP LOSSES 

After completion of the water test program, Configurations 2 and 6 were selected 
for further tests and will be tested with liquid hydrogen as the pumped fluid. 
Predicted losses for these configurations when pumping water or liquid hydrogen 
are given In Tables 8 and 9, respectively. The losses presented are a percent of 
the total power Input. The types of loss noted In the tables are typical of those 
considered In performance prediction of pumps Incorporating shrouded Impellers. 
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RADIAL LOAD (LBS) 





AXIAL LOAD, TOWARD TURBINE (LBS) 











TABLE 8. PREDICTED LOSSES PERCENT OF INPUT POWER PUMPING 
WATER SPECIFIC SPEED = 430 



PUMP 

CONFIGURATION 

2 

6 

SPEED, RPM 

24,500 

24,500 

FLOWRATE, GPM 

5.0 

5.0 

WEAR RING CLEARANCE, INCHES 

0.002 

0.002 

TOTAL WEAR RING LEAKAGE 

23.9 

25.2 

DISK FRICTION 

23.3 

21.2 

IMPELLER INTERNAL FRICTION 

5.69 

4.02 

IMPELLER DIFFUSION 

0.98 

2.3 

IMPELLER INCIDENCE 

0.50 

0.51 

IMPELLER EXIT RECIRCULATION 

0 

0.34 

VANELESS SPACE FRICTION 

0.90 

0.84 

VANED DIFFUSER INCIDENCE 

- 

1 .38 

VANED DIFFUSER FRICTION 

- 

2.79 

VANED DIFFUSER DIFFUSION 

- 

4.62 

VOLUTE MOMENTUM 

1 .44 

0.15 

VOLUTE FRICTION 

3.99 

1 .77 

VOLUTE DIFFUSION 

0.27 

0.07 

TOTAL 

60.97 

65.2 

PREDICTED EFFICIENCY, PERCENT 

39.03 

34.8 



TABLE 9. PREDICTED LOSSES PERCENT OF INPUT POWER PUMPING 
LIQUID HYDROGEN SPECIFIC SPEED = 430 



PUMP 

CONFIGURATION 


2 

6 

PUMP SPEED, RPM 

77,000 

77,000 


FLOWRATE, GPM 

15.7 

15.7 


WEAR RING, CLEARANCE, INCHES 

0.002 

0.002 

0.003 

TOTAL WEAR RING LEAKAGE 

27 

28.3 

37.4 

DISK FRICTION 

14.4 

13.0 

11.7 

IMPELLER INTERNAL FRICTION 

5.4 

3.4 

3.3 

IMPELLER DIFFUSION 

1 .36 

2.5 

1.82 

IMPELLER INCIDENCE 

0.56 

0.56 

0.41 

IMPELLER EXIT RECIRCULATION 

0 

0.34 

0.03 

VANELESS SPACE FRICTION 

0.8 

0.79 

0.57 

VANED DIFFUSER INCIDENCE 

- 

1.55 

1 .28 

VANED DIFFUSER FRICTION 

. 

2.40 

2.06 

VANED DIFFUSER DIFFUSION 

- 

5.08 

4.52 

VOLUTE MOMENTUM 

1 .65 

0.16 

0.14 

VOLUTE FRICTION 

3.48 

1 .45 

1 .33 

VOLUTE DIFFUSION 

0.3 

0.08 

0.07 

TOTAL 

55.0 

59.6 

64.6 

PREDICTED EFFICIENCY, PERCENT 

45.0 

40.4 

35.4 
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Partial emission pump performance was evaluated assuming that the flow velocity 
In the flowing Impeller passages was equal to the Impeller through flow divided 
by the percent emission plus wear ring leakage flow* This fluid quantity was 
then used to calculate Impeller friction diffusion and Incidence loss in the 
flowing passages. No unsteady flow loss was computed and, because of the low 
Impeller flow coefficient for these low specific speed pumps, this loss Is small. 
For higher specific speed pumps and compressors with higher impeller passage vel- 
ocities, this loss would be significant. 

Comparison of the results for pumping water (Table 8) with results for pumping 
liquid hydrogen (Table 9) shows that flow friction and. In particular, disk fric- 
tion losses are significantly lower when pumping liquid hydrogen. This Is due to 
the much lower viscosity of hydrogen and results in higher efficiency. The losses 
associated with leakage, diffusion, and momentum are a higher percentage of the 
power input as a result of the reduced Input power resulting from the lower disk 
friction. 

By far, the highest Individual losses in either fluid are the disk friction loss 
and the Impeller wear ring (seal) leakage loss. With wear ring radial clearances 
of only 0.002 Inch, the total of these two losses account for approximately 47% 
of total power Input when pumping water and 40% when pumping liquid hydrogen. 
With low specific speed pumps, the clearance must be small to reduce leakage 
loss. This Is Illustrated In Table 9 which shows the Influence of a clearance 
change on Configuration 6 when pumping liquid hydrogen. An Increase In radial 
clearance from 0.002 to 0.003 inch results In a decrease In predicted efficiency 
from 40.4 to 35.4%, which would require a 14% Increase In Input power. 

The leakage loss for the shrouded impellers Includes the front (Impeller Inlet) 
and rear wear ring flows. The rear wear ring flow Is returned to the Impeller 
Inlet through passages In the component. The leakage flow through the Impeller 
Inlet wear ring, however, has a tangential velocity approximately equal to half 
wheel speed at the Impeller inlet prior to mixing with the incoming flow. This 
produces prewhirl at the impeller inlet, which drops the change of angular momen- 
tum produced by the impeller and, therefore, reduces the pump head rise. As the 
delivered pump flow Is reduced from its normal operating flowrate, the ratio of 
the impeller total flow to the whirling front wear ring flow Is decreased. This 
results In increasing prewhirl as the flow Is reduced. The Increased prewhirl 
acts to reduce pump head rise at reduced delivered flow while the Increased tan- 
gential velocity at the backwardly curved Impeller blade exit acts to Increase 
the pump head rise. The result at low specific speeds Is a nearly constant head 
rise as delivered flow Is reduced. 

PUMP SEAL CLEARANCE EFFECTS 

The Impeller seals are smooth faced wear ring-type seals. Clearances vary from 
configuration to configuration due to manufacturing differences. An adjusted 
efficiency Is determined, which reflects the expected efficiency at the designed 
0.002 Inch radial wear ring clearance. 

The four shrouded Impeller configurations (1, 2, 3, and 6) have wear rings seal- 
ing against both front and rear shroud cavity leakage. The smooth-faced seals 
are located at a mean diameter of 1.002 inch. The as-tested radial wear ring 
clearances are presented In Table 10. The clearance influence on efficiency is 
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♦EFFICIENCY DATA - TEST 84L008 
“EFFICIENCY DATA - TEST 84L015 




computed by the centrifugal pump loss Isolation program. A sample output from 
the program is presented in Table 9 for a 0.002 to 0.003 inch change in radial 
wear ring clearance. The program output presents the individual component losses 
as a percentage of input power. By changing only the seal clearance, the input 
power is affected. The magnitude of the remaining component losses show a change 
in the percentage of the input power, their absolute magnitudes are essentially 
unchanged. 

Using the Loss Isolation Program the four shrouded pump efficiencies are adjusted 
to the design radial wear ring clearance of 0.002 inch. These efficiencies are 
presented in Table 10. The Configuration 6 efficiency is better than the Config- 
uration 1 efficiency, thus indicating the potential of partial emission pumps for 
low specific speeds. 

The turbopump efficiencies for the open-faced impellers are not adjusted. The 
losses due to impeller blade tip leakages are not accurately known. The lower 
efficiencies for the open-faced Impellers compared to the shrouded pumps is 
attributed to the face clearance being large compared to the impeller blade 
height. 

The seal clearance will also have an effect on the delivered pump head. The 
leakage flowrate through the front impeller wear ring will have a large tangen- 
tial component. Mixing of whirling leakage flow with the nonwhirling inlet flow 
will increase the inlet prewhirl. The effect on headrise is measured for two 
Configuration 6 pump builds (and is shown In Fig. 43). A 4% change in headrise 
is the result of a large change in wear ring clearance. Preliminary calculations 
agree with these measured results, further analysis on the effect of leakage 
flowrate on pump head output is suggested. 

CONCLUSIONS 

Tests were successfully completed to evaluate small centrifugal pumps operating 
at specific speeds well below those previously reported. The tests demonstrate 
successful pump operation is possible in the specific speed range from 215 to 
430. At the lower specific speed range a severe efficiency penalty occurs since 
the hydraulic output power is substantially lower than the parasitic power. 

The Configuration 6 partial emission diffuser concept has demonstrated the 
ability to use one impeller to cover a wide flow range by merely changing 
diffusers. The partial admission impeller concept resulted in low efficiency 
with an open face impeller. 

Open face impellers resulted in low efficiency due to large axial clearance to 
passage height ratio. The control of axial clearance to the close tolerances 
required by small open face Impellers for good performance is very difficult for 
small low specific speed pumps. 

The maximum efficiency occurred for a volute-type pump (Configuration 2). The 
simplicity resulting from the absence of a vaned diffuser makes this configuration 
highly desirable when the engine operation permits single-point operation. 
Single-point operation permits volute design for a minimum radial load. When wide 
flow range operation is required a vaned diffuser is desired to produce a low 
radial load over a wide flow range such as exhibited by Configurations 1 and 6. 
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Figure 43. Low-Thrust Pump Head Coefficient Versus Flow Coefficient 
Configuration 6, Wear Ring Clearance Effect 



APPENDIX 


SAMPLE DATA 

The data presented In the Appendix Includes noncavltatlng results for each of the 
six configurations tested. The test number for each corresponding configuration 
Is as follows: 

SECTION CONFIGURATION TEST NUMBER 


A1 

1 

84L007 

A2 

2 

84L012 

A3 

3 

84L010 

A4 

4 

84L009 

A5 

5 

84L01 1 

A6 

6 

84L005 


Each data slice represents the average of 10 scans taken during steady state- 
operating conditions. Included with the data Is a copy of the constant file 
Input for each configuration. The Data Table 11 shows the turbopump Configura- 
tion Geometries. The tabulated data format changed from test to test as the data 
reduction program was being updated. 
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TABLE 11. TURBOPUMP GEOMETRY 
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